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ABSTRACT

By means of dimensional selection of natural ligrihdosic fibers, based on precise diameter
measurements, it was recently possible to obtaiersi with relatively higher tensile strength. Thregent
article overviews works on the statistical evalomtithrough the Weibull analysis, of the ultimagadile
stress of eight lignocellulosic fibers: sisal, rapguraua, jute, bamboo, coir, piassava and bliri.shown
that, for all of these fibers, the tensile strengiblds an inverse relationship with the fiber ditene
Statistically this relationship conforms to a hypaic type of analytical equation, which disclosbe
possibility of unusually high strength fibers to belected in association with very small diametés.
structural analysis using scanning electron miapgc offered an explanation to the strengthening
mechanisms responsible for the superior performahteese dimensionally selected fibers.
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1 INTRODUCTION

In recent years a growing tendency in the use dfirah materials is taking place in many
engineering applications motivated by worldwide rége The generalized pollution due to discard af-no
degradable synthetic materials and climate chargggthuted to C® emission during their industrial
production are major events of global conceljn Additionally, the need to replace petroleum-dzhgsnergy
systems used in the production of synthetic mdsebtg environmentally friendly alternatives is @osigy
motivation in favor of natural material®][ Natural fibers, mainly those lignocellulosic alted from
vegetables, constitute important examples of rebéavand biodegradable materials. These lignocdialo
fibers are also less expensive than their syntloetiniterparts and provide social benefits and nsgarce of
income to communities in developing countries whhey are cultivated3].

Lignocellulosic fibers have been since the begigrohour civilization used in basic items such as
baskets, ropes, fabric for clothes, floor and mgficovers. In the past decades they were extegsivel
investigated 4-8] and are nowadays already applied in industridliztems with greater aggregated value. In
the automobile industry, for instance, the usealyimer composites reinforced with lignocellulosilefrs is
continuously replacing synthetic fiber compositasd expanding at a fast rat8-11]. In fact, several
automobile makers in Europe are using natural fitmenposites not only to comply with increasingliffst
environmental legislationlP] but also to satisfy the public demand for “greeafs. Figure 1 illustrates the
different components made of lignocellulosic reisg&xd polymer composite in a Mercedes Benz setign [

According to Wambua et all{]] natural fiber composites are successfully replgdhe traditional
glass fiber composites (“fiber-glass”) in sevenadji@eering applications. In comparison to “fibeagg”, any
lignocellulosic fiber composite causes less equigmeear and promotes better finishing of molded
components. Furthermore, a high degree of flexjhilivhich makes a natural fiber to bend rather than
fracture, in association with low density and ndmasive surface, are practical advantages foratgnper
composites as compared to “fiber-glasg®|[ By contrast, relevant differences exist in fawfrthe glass
fiber, which may reach tensile strengths of theeof 3000 MPa#€], i.e well above that usually attained by
any known lignocellulosic fiberdE7, 17]. Consequently, “fiber-glass” is much stronger avilil be preferred
in engineering applications requiring structuratl anechanical performance. Even if the strengthitiens
parameter is compared, the glass fiber with a vafugpproximately 1300 MPa.¢fg is twice as much of
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those values for lignocellulosic fibers. Moreovann-uniform dimensions and heterogeneous properties
represent limitations for the use of lignocellutodibers as reinforcement in composites with resplir
structural and mechanical performance.

Figure 1: Automobile components made of natural fiber r@ioéd compositedlp].

In a recent work18] it was shown that these comparative limitatiogaiast the glass fiber could be
overcome through a selection of lignocellulosiefibwith smaller diameter. Actually, that work weest of
a preliminary investigation involving three differtefibers: curaua, sisal and ramie. In that ingsgion high
tensile strength values, above 1000 MPa, were mddafior the three fibers in association with thesmallest
possible diameters. Additionally, inverse hyperbalbrrelations were suggested to hold betweenttbagth
and the diameter of each type of fiber. The meetiowork [L8] also indicated that correlations between
lignocellulosic fibers dimensions and their meckahproperties have been early investigate®35. For
coir fiber [19], it was found that the strength and elongaticenséo increase in the range of diameters from
100 to 200 um and then remain constant up to 450Byncontrast, the initial modulus gradually deces
with increase in diameter within the entire rangeestigated. For banana fibe®d], no appreciable change
in the mechanical properties was observed withranease in the fibers’ diameter in the range oft®&0
250pum. However, a decrease in the strength wasiagsth with a good linear correlation with the filtest
length. For sisal fibers2[l], within the diameter range of 100 to 300 pum/ditvariation in mechanical
properties was reported. A linear decrease in tfength and elongation as well as increase in Wesage
modulus was correlated to the increase in fiber¢egth.

For pineapple fibers2P)], the strength decreases linearly with the diametthin the interval from
45 to 205 um. Decrease in elastic modulus and atmgwere also observe for increasing both thendtar
and fiber test length. For talipot and palmyratefbp3], there was a tendency for the mechanical progeerti
to increase with their diameters. In palmirah fiheghe strength and elongation decreased whilénitial
modulus increase with a variation of test lengtnfrl0 to 100 um. However, talipot fibers variatioas not
found to be significant, except at small test lasgit was mentionedLB] that the mechanical properties of
the curaua fiber, one of the strongest lignocedlialdiibers, was investigated as a function of therf
dimensions. It was foun@4l] that an increase in the fiber diameter, from @&4 pm was associated with a
decrease in the strength from 210 to 87 MPa. Tastielmodulus also decreased but the elongatioma&s
changed in the same diameter interval. With inénggtest length, the strength and elongation deemba
while the modulus increased. The important poimtpleasized were the relatively low values obtaired f
the tensile strength as compared to others repontetie literature 251 and the significant non-linear
variation with the diameter. These points indidhsg a substantial increase in strength of curdngas might
be attained for smaller diameters.

Although conclusive, that preliminary workd] was limited to only three lignocellulosic fibensth
results statistically analyzed by the basic Weibu#thod as well as simpler conventional average and
standard deviation procedure. After that wdtg][ additional results were obtained for curaRé sisal R7]
and ramie 28]. Moreover, other investigations on the correlatiietween tensile strength and diameter have
also been carried out for more fibers including ji29], bamboo 80], coir [31], piassava3d2] and buriti B3)].
These new investigations were based on the Wedtatistic analysis, which allowed a more confident
method to be applied for the mathematical integii@t of the strength correlation with the fibearmieter.
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Furthermore, the microstucture mechanism respanéibl the correlation was discussed in more debail,
comparing results obtained for all fibers that wecefar investigated. As a general conclusion fitbm

overview presented in this article, it will be showhat the selection of lignocellulosic fibers withe

smallest diameters permit to obtain, up to this motnthe strongest and most uniform fibers. In gpike,

the inverse hyperbolic equation could allow a qitatiwe prediction of the fiber tensile strengttsbd on the
selected diameter. Following this introduction, tteans proposed for this overview are now preseatedi
discussed.

2 LIGNOCELLULOSIC FIBERS STUDIED

All the eight lignocellulosic fibers consideredthis overview were from Brazilian origing6-33. The
sisal, ramie and jute fibers were supplied by tima Sisalsul, which commercializes regional lignihdesic
fibers. The curaua fiber was supplied by the firrma&zon Paper and the buriti fiber was donated by Dr.
Nubia Santos from her own property, both locatethatstate of Para, north of Brazil. The bamboerfivas
obtained from culms extracted from a private propewhile the piassava fibers purchased from a ftoroo
industry, both located at the north region of ttatesof Rio de Janeiro, southeast of Brazil. Thefidwer was
supplied by the firm Coco Verde Reciclado in thg of Rio de Janeiro, capital of the state.

Figure 2 illustrates the plant, a bundle of fibar&l a scanning electron microscopy (SEM) view of a
single fiber corresponding to each one of the l@pllalosic fibers considered in this article.

(dy Jute

(c) Curaua

Figure 2: lllustration of a plant (P); a bundle (B) and SEMNtface (S) for the eight lignocellulosic fibers
considered.
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fe) Bamboo

(g) Piassava (h) Bariti

Figure 2 (cont.): lllustration of a plant (P); a bundle (B) and SENtface (S) for the eight lignocellulosic
fibers considered.

Regarding the bamboo and the buriti fibers, bothewmt supplied in the form of fibers and had to be
prepared for this purpose. In the case of bamB6p Fig. 2(e), fibers were stripped off from theraseived
dried culms by cutting with a sharp razor blademifir procedure was applied for the as-receivedbfmst
[33], Fig. 2(h), to obtain the buriti fibers. In bathses, the longitudinal cut that produces the fitees made
to coincide with the natural direction of the ctke fibrils. In spite of the apparently uniform meal cutting
procedure, different cross section diameters wbtaiwed. This will be shown and discussed in thieiong
sections.

3 DIAMETER MEASUREMENT TECHNIQUES

One of the main difficulties in evaluating the témsstrength of a natural fiber is the precise
measurement of its diameter. In most worksg], this has been neglected or considered of secgnda
importance. However, to accurately determine thecexesisting stress of a fiber submitted to anliepp
tensile force, one needs to calculate the crogiegsearea by means of reliable diameter measurement
Different from synthetic fibers, such as glass aarbon shown in Fig. 3, that are fabricated as siiperfect
cylinders, lignocellulosic fibers are non-unifornotnonly in their cross section, but also along the
longitudinal axis, as shown by SEM for individudddrs in Fig. 2.
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Zeku X2:,880 18mm

Figure 3: SEM view of synthetic fibers: (a) glass and (ajbon.

Figure 4 illustrates the typical cross sectionghef lignocellulosic fibers considered. Fibers were
embedded in polymer supports and then fine-polisloedoptical microscopy observation on a Neophot
microscope One support was used for fibers of #messpecie but with different cross section shanels
dimensions. One can observe in Fig. 4 that disBhepes and sizes exist for the cross sectionctif type of
lignocellulosic fiber. In the best cases, the crsgion is approximately elliptical with small ecdricity. In
fact, when visually observed, apparent round filmeay display microscopically quite distinct eccentross
section shapes. Moreover, even in a single fiignificant changes in cross section dimensions glihve
axial direction are common features of all lignddekic fiber. Therefore, a careful measurementhaf
transversal dimensions has to be conducted to permgliable estimation of the diameter mean valne,
hence, allows an exact determination of the areth&correct evaluation of the tensile strength.

Another relevant question concerning the reliabiemeter measurement is the fact that
lignocellulosic fibers are relatively soft. This kes it difficult to measure the diameter by a conhta
procedure with any kind of metallic device. For mexyde, the easier and common way to measure fiber
diameter is to use a caliper or micrometer, nonyrialbricated on much harder steel or metallic a&loys a
consequence, when trying to hold a soft lignoceflid fiber in between the grips of the metallic ideythe
operator naturally squeezes the fiber. In otherdaioto feel that the fiber is firmly grasped by tevice, one
needs to apply a pressure that deforms the sudadereduces the diameter. The only reliable way to
measure lignocellulosic fiber diameter is by meahs profile projector. In this non-contact techureg a
light beam projects the amplified image or shadéwhe fiber, allowing measurements of one hundredita
millimeter of precision to be made through a mobiladuated scale.

The works reviewed in this articleg-33 used the profile projector technique to measheefiber
diameter. In those works,, every fiber was measatdive locations along its length, which staydé&iween
the grips during the tensile test. At each locattbe equivalent diameter corresponding to theageeof the
larger and the smaller cross section dimensions evatuated. The fiber diameter was determined as th
mean value of the five measurements. This dianteteais used to calculate the fiber cross section akea
ntd?/4. One should remember that the square exponent nia&esmea extremely sensitive to small changes
in the diameter.
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Figure 4: Typical cross-sections of fibers with differemmucheters for each one of the eight types of
lignocellulosic fibers considered: (a) sisal, (&nie, (c) curaua, (d) jute, (e) bamboo, (f) ca),giassava,
and (h) buriti.

4  SPECIFIC DISTRIBUTION OF DIAMETER

As earlier mentioned, the typical non-uniform dirsiemal characteristics of any lignocellulosic
fibers, Fig. 2 and 3, is associated with a distidruranging from thin to thicker equivalent diamet In the
reviewed works 26-33, initially one hundred fibers were randomly sédéetfrom the as-obtained bundle, B
in Fig. 2, and had their diameters measured byilprpfojector according to the procedure descriipethe
previous section 3. For each type of fiber, hisdogs corresponding to the frequency of diameteribligton
are shown in Fig. 5. In this figure, it is importda note that a maximum and a minimum values amditer,
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associated with the thickest and thinnest fibespeetively found in the as obtained lot, delimisattee range

covered by each histogram. This range was conviyidivided in diameter intervals for statisticalinpose.
Here, it should be mentioned that the limited numtfefibers in the investigated lots, no more thare

thousand for each type, imposed a limitation tordmege of intervals in Fig. 5. In the hypothesiattlots
with greater number of fibers could be investigataedybe even thicker and thinner fibers would bsspny

be found, extending the range of the histograntsgn5s.
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Figure5: Distribution frequency for the profile projectoreasured mean equivalent diameters of the eight

lignocellulosic fibers considered.

494



MONTEIRO, S.N.; SATYANARAYANA, K.G.;FERREIRA, A.S; NASCIMENTO, D.C.O ; LOPES, F.P.D; SILVA, I.L.A;
BEVITORI, W.P ; INACIO, W.P.; BRAVO NETO, J.; PORTA, T.G.; Revista Matéria, v. 15, n. 4, pp.488 -552011.

Another relevant point is that different lots oBtkame type of lignocellulosic fibers may display
changes in diameter distribution. This has beendadn piassava3d] and curauads] fibers. Consequently,
a comparison of results based on diameter anabfsistinct lots of a given lignocellulosic fiberigit
disclose dissimilarities. To the knowledge of thehars of this article, although relevant, this pamison
has not yet been done and, thus, needs not tcsbessied.

The arbitrarily considered diameter intervals ig.Fs indicate that the lignocellulosic fibers stdli
presented a reasonably normal distribution with om&ximum in frequency associated with a fairly
symmetrical dispersion. This can be interpretedranodal distribution of diameters, which permitsiagle
Weibull correlation with the tensile strength, astlier discussed in other sections. Another infdiona
regarding the Weibull statistical procedure is Wwartentioning. For each diameter interval of a gitygre of
fiber in Fig. 5, a minimum of 20 fibers was latelexted to be tensile tested. Therefore, one shwedd in
mind that the statistical analysis for the cortielabetween the tensile strength and the diamedsrcarried
out with at least 20 fibers for each interval cdrdieters represented by its mean value. For exathglsjsal
fiber histogram, Fig. 5(a), is composed of dianme®perimentally obtained within a range from 0t040.4
mm. In this range, nine intervals with a diametpars of 0.04 mm were arbitrarily chose®6]. They
represent a diameter distribution based on nins, Fag. 5(a), with mean diameters from 0.06 to (W88
and a total average diameter of 0.17 mm. Aftercthestruction of this sisal histogram, other fibeese then
specifically selected to add a total of at least ig@ividuals associated with each diameter interval
represented by its mean val&§]| The same procedure was followed for the othpetgf fibers P7-33. As
the next step, all selected lignocellulosic fiberse tensile tested according to the procedureritbestin the
ongoing section.

5 TENSILE TESTING AND FRACTURE OBSERVATION PROCEDURES

The Weibull analysis, which leads to the deternimabf the diameter dependence of the fiber
strength, was based on experimental results ofl¢éetests. These tests were conducted in everytsele
individual fiber for the eight types consideredtis article. As testing procedure, the fiber sampis
sectioned with a total length of 200 mm. The galeyeggth of 100 mm allowed 50 mm at the fiber's
extremities to be hold by the grips of the testingchine. Pieces of cardboard were glued to the ehtle
fiber sample to avoid direct contact of the fibarface to the grip. This procedure permitted a tiettling
and prevents slippage without damaging the fibensile tests were conducted in a model 5582 uraVers
Instron or in a model DL 10000 EMIC machine, whiekie was available. The test temperature was the
acclimatized 25°C. A constant deformation velocifyl mm/s, corresponding to a strain rate of $0 was
used.

In order to analyze the mechanism responsible Her diameter dependence of the fiber tensile
strength, the fracture of representative fiber a¢hetype were observed by scanning electron miopsc
(SEM). Fractured tips of the fiber samples weradhteéd by conducting carbon tape to a metallic suppo
These fracture samples were gold sputtered to atlbgervation in a model SSX-550 Shimadzu or in a
model JSM 6460 Jeol microscopes, whichever wadadlai In both cases, the microscopes operated with
secondary electrons accelerated at a maximum eotif@5 kV.

6 RESULTS AND WEIBULL ANALYSIS

The large amount of experimental data regardingehsile tests and Weibull analysis for the eight
types of fibers considered, does not allow a cotappgesentation of all of them. Therefore, onlyea f
examples will be shown to illustrate the existiresults. Figure 6 depicts typical tensile forcessuer
elongation curves directly obtained from the maetdigital recorded data, for each one of the eigies of
lignocellulosic fibers.

In this figure, one should observe that the typieakile curves of the lignocellulosic fibers prase
an initial linear behavior corresponding to thestitastage. The load drops abruptly at the endhisfdtage,
which corresponds to the fiber maximum strengthis Thiehavior characterizes a relatively brittle twpt
with negligible plastic strength, in spite of tHexible aspect of most fibers. Another feature shday some
fibers, such as the curaua and bamboo, is the pieman of serration. This is associated with smiadl a
continuous drops in the resisting load along theeuSerrations in tensile-tested lignocellulosbefs may
be very small or relatively prominent with non wmifhh drops as in the case of bamboo, Fig. 6(e). &hes
serrations have been suggest&d] [to be related to the partial rupture of fibrilkat compose a
lignocellulosic fiber.
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Figure 6: Typical forces versus elongation curves for eawh of the eight types of lignocellulosic fibers
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From the maximum load forces] Freached in curves such as the ones shown ir6Fihe tensile
strength i.e. the ultimate tensile stress, was calculated by

1 ) Om — 4Fm/77:de

where d is the equivalent diameter determined accordingh& procedure described in section 3 of this
chapter.

For the considered types of lignocellulosic fihehe values of the tensile strength were analymed
the Weibull statistic method for each one of thanggter intervals in the histograms of Fig.5. Onestmu
remember that the number of intervals was arbijraliosen depending on the fiber's range of diamétee
applied Weibull Analysis computer program providbkd following parameter$® (characteristic strength,
(Weibull modulus), R (statistical precision) as well as the averagenstth, O, based on the specific
Weibull distribution, with its related deviationn@e again, it is beyond the scope of this chaptshow the

values of all parameters for each one of the censitifibers. As an example, Table 1 presents thibWe
parameters for the nine diameter intervals, Fig),5tf the sisal fiber2g].

Table 1: Weibull parameter for the tensile strength ofikfibers associated with different diameter inédsy

Diameter Weibull Characteristic Precision Average Tensile  Statistical
Interval Modulusp Strengthd Adjustment Strength Deviation
(mm) (MPa) R2 (MPa) (MPa)
0.04-0.08 3.38 1016.0 0.97 912.5 297.8
0.08-0.12 4.19 585.2 0.96 531.8 143.1
0.12-0.16 2.81 496.2 0.98 441.9 170.5
0.16-0.20 4.46 449.3 0.93 409.8 104.1
0.20-0.24 5.52 404.0 0.93 373.1 78.04
0.24-0.28 2.57 451.0 0.91 400.5 166.9
0.28-0.32 2.57 422.3 0.97 375.0 156.4
0.32-0.36 3.35 422.4 0.96 379.2 124.9
0.36-0.40 3.15 310.1 0.92 277.5 96.6

Furthermore, the program also provides the Weinadph corresponding to the double log plot of
the reliability vs. the location parameter. Each diameter intervalefaery fiber is associated with a proper
Weibull graph P6-33. For the eight lignocellulosic fibers consideratl,graphs are unimodal with just one
straight line fitting the points within the samedtieter interval. This indicates that the tensitte fibers in
each diameter interval belong to a unique groug witnilar strength behavior. As an illustrationgFv
shows the Weibull graph of just one diameter irdefor the eight fibers.
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Figure 7: Examples of Weibull graphs for the eight ligndelglsic fibers: (a) sisal, (b) ramie, (c) curaud), (
jute, (e) bamboo, (f) coir, (g) piassava, and (ijtb

As the main objective of this article, Fig. 8 mrets the Weibull average tensile strength, frona dat
listed in tables for the considered lignocelluld#iers R6-33 like Table 1 for sisal fiber, as a function oéth
mean diameter of corresponding intervals in Fig. 5.
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Figure 8: Weibull average strength as a function of themaiameter associated with intervals in Fig. 5 for
the fibers considered: (a) sisal, (b) ramie, (¢caaa, (d) jute, (e) bamboo, (f) coir, (g) piassara] (h) buriti.
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For all curves in Fig. 8, there is a clear tengeioc an inverse relationship between the streiagith
the diameter. In other words, the thinner the di@mehe stronger the fiber. Two points deserverdithn in
Fig. 8. First, by considering the error bars assed with the Weibull statistical deviation of eamlerage
strength, it is sometimes possible to considerrestamt value (horizontal line) going through theits. Such
is the situation of Fig. 8(e) for the bamboo, FEff), for the coir and Fig 8(h) and for the bufitier. Second,
for the thinnest sisal, Fig. 8(a); ramie, Fig. 8(@)raua, Fig. 8(c) and piassava, Fig. 8(g) vabfetensile
strength above 1000 MPa were obtained.

These results corroborate the first previous warkhe subjectl8] dealing with curaua, sisal and
ramie fibers. In particular, the inverse correlativzetween the strength and the diameter is an ineldu
evidence for the stronger sisal, ramie, curaua @iadsava fibers. No constant horizontal line carthie
points through the error bars. Moreover, simplesige straight lines are also not able to fit thatgolt was
commonly found 26-33 that a hyperbolic inverse correlation could reesay translate the variation of
strength with the fiber diameter:

2)0 =A/d-B

Table 2 shows the values of A and B in Eq. (2) ecissed with the hyperbolic equation for the eight
lignocellulosic fibers considered. In this tablee tcorrelation coefficients associated with theegixpental
fitting to the corresponding hyperbolic equatioa also shown.

Table 2: Hyperbolic coefficients for the strengtk. diameter relationship.

Fiber Sisal Ramie Curaua Jute Bamboo Coir Piass&uaiti

A 39 21 67 19 54 13 620 96
(MPa.mm)

B 209 389 -196  -64 49 68 -349 15
(MPa)
Adjustment| 0.93  0.88 095 099 098 074 0.92 0.99
Coefficient

RZ

The results presented in Fig 8 and Table 2 revealsttong evidence that a non-linear inverse
correlation could rule the tensile strength vs.iegjent diameter relationship in lignocellulosiddis.
Although limited to only eight types of fibers, shbehavior may also apply to others such as coftax,
hemp, kenaf, pineapple, etc. The reason for a genglationship such as the proposed hyperboliatgu
(2) can be related to the role played by defectd #aws in the fiber's structure. This will furthdre
discussed in the next section.

As a final comment regarding the results of the BAli analysis, it is worth mentioning the
consequence of a hyperbolic relationship. In pplggithis relationship, generally expressed by Eqong2),
indicates that very high strengths could be atthibg lignocellulosic fibers with very small crossction
dimensions, given by the equivalent diameter. Same natural fiber has a limited range for its disienal
variation, one can only speculate about how thirméiber can be. Consequently to imagine the stshg
value that can be reached by a lignocellulosicrftiesed on Equation (2) is just a hypothesis. Henethe
experimental results so far obtained for some §ilserch as sisall8,2§, ramie [L8,27, curaua 18,29 and
piassava 32] showed values above 1000 MPa. Even though 1008 MRy not be associated with any
special threshold, it could represent a symboliell®f a high strength material. In fact, most rietalloys,
ceramics and polymeric materials possess tensdagths below this level. As a simple digressioabl€ 3
indicates the equivalent diameter correspondingatdensile strength of 1000 MPa for the eight
lignocellulosic fibers considered, supposing thatyperbolic equation, Eq. (2), could apply.
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Table 3: Equivalent diameter associated with a tensikensjth of 1000 MPa given by Equation (2).

Fiber Sisal Ramie Curaua Jute Bamboo Coir PiassaBariti

Diameter | 0.049 0.034 0.056 0.018 0.057 0.014 0.046  0.097
(mm)

The data in Table 3 is consistent with the resoftsisal, ramie, curaua and piassava fibers, for
which experimental findings, Fig. 8, corroboratée tequivalent diameters associated with 1000 MPa.
Moreover, the extrapolated equivalent diametergutdf, bamboo, coir and buriti in Table 3 are felsib
practical values to be obtained by cutting procedbamboo and buriti) or, by chance, found in ra{jute
and piassava).

7 MICROSTRUCTURE AND FRACTURE ANALYSIS

A possible explanation suggested by the referrexksydl8, 26-33 for the inverse tensile strength
vs. diameter correlation, Fig. 8 and Equation (2swased on the heterogeneous microstructure kygfica
any lignocellulosic fiber. As shown in Fig. 2 fdret surface and in Fig. 4 for the cross sectiorsatfiers
possess defects, flaws and irregularities througttbeir spacial three dimensions. In other words,
lignocellulosic fibers are microstructurally nondamm along any 3D orientation. This is a marked
difference to synthetic fibers, Fig. 2, and cettaithe major factor for the relatively lower streéhg
performance of any natural fiber.

Experimentally, it was observe®,[18, 26-33 that the density of defects/ flaws/ irregulastii
lignocellulosic fibers varies with equivalent diamg i.e., the size of the cross section. Smallesssections
present comparatively lower density of defectsivflairregularities, both in the surface and instte
volume of the fiber. As a consequence, thinnerr§iliend to be more homogeneous than thicker ongseof
same species. Examples of this behavior can beisgle cross section views in Fig. 4. In this figuone
may notice that the smaller fibers have a tendéodye less eccentric, more circular and with lez®ogity.
The above mentioned non-uniform distribution ofedt$/ flaws/ irregularities density in fibers witfiferent
cross section sizes is apparently one of the maichamisms responsible for the inverse strengttiameter
correlation.

The most straightforward evidence of the mechanigratscauses the inverse correlation is provided
by the SEM fractography analysis of tensile-rupduiibers in Fig. 9. In this figure a comparisonweetn the
typical fracture of thinner and thicker fibers asponding to the eight species is presented. Fof tdem, it
was observed that the thinner fibers display aungpassociated with more homogeneous microstruatute
less participations of fibrils. By contrast, thackter fibers reveal a comparatively more heterogese
rupture associated with relatively more fibrils.

The fractography results in Fig. 9 indicate thaatistically, there is a higher probability that a
thicker fiber would break at a stress lower thaat tequired for a thinner fiber. First, as obserl&d.8, 26-
33, the thicker fibers with larger cross sectiongibly have a higher density of defects/ flaws/dularities.
These correspond to weaker points and stress gaisar cause premature failure in comparison tongr
fibers. Second, owing to the greater dispersioproperties of lignocellulosic fibers{g], a thicker fiber
with more fibrils has statistically a comparativerder distribution of both weaker and strongerifbr
Consequently, during the tensile test, there isgadnr probability that a weaker fibril in the thakfiber
breaks at a lower stress than the weaker fibihénthinner fiber. Once the first fibril (weakegttbe thicker
fiber) is broken, it causes a flaw in the fiberusture. The flaw may act as a microcrack, whichftbwi
propagates in a brittle mode until total rupture. dther words, statistically the group of many ifior
composing a thicker fiber tends to have one of theeaking shortly during the tensile load as coragdo
any of the fewer fibrils of a thinner fiber.

Figure 6 shows evidences of the brittle naturehef lignocellulosic fibers as well as serrations
related to the apparent breaking of fibrils. Thése proposed mechanisms support the inverse tensile
strength correlation with the equivalent diametarwhich fibers with smaller diameters should bersger
than the ones of the same specie with greater déaime
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Figure 9: SEM fractographs of tensile-ruptured tips of thimd thicker fibers for the eight lignocellulosic
fibers considered.
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Figure9 (cont.): SEM fractographs of tensile-ruptured tips of taimd thicker fibers for the eight
lignocellulosic fibers considered.
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8 CONCLUDING SUMMARY

Based on results recently obtained on eight lighalosic fibers (sisal, ramie, curaua, jute, bamboo
coir, piassava and buriti) it was experimentallarstterized an inverse correlation between theiléens
strength and the equivalent fiber diameter. Profitejector measurements were used to obtain precise
diameter values and then allowed the correct caticul of the resisting cross section area for &nittress
evaluation.

The Weibull statistical method was applied for gtieess evaluation and correlation with different
intervals of diameter associated with the rangealispersion characteristic of lignocellulosic fibeihe
method provided supports the suggestion that theilée strength holds a hyperbolic type of inverse
relationship with the equivalent fiber diameter.gractice, this raises the possibility of selectirggy thin
fibers with unusually high strength.

A microstructural study and SEM fractography anialydfered two possible mechanisms related to
defects, flaws and irregularities as well as tedritiution of fibrils that compose the fiber, aspensible for
the superior performance of thinner fibers in tentgsts.
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